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Abstract 
At the Advanced Light Source at Lawrence Berkeley National Laboratory, we are investigating how to increase both the 
speed and resolution of synchrotron infrared imaging.  Synchrotrons infrared beamlines have diffraction-limited spot sizes and 
high signal to noise, however spectral images must be obtained one point at a time and the spatial resolution is limited by the 
effects of diffraction. One technique to assist in speeding up spectral image acquisition is described here and uses compressive 
imaging algorithms.  Compressive imaging can potentially attain resolutions higher than allowed by diffraction and/or can  
acquire spectral images without having to measure every spatial point individually thus increasing the speed of such maps. 
Here we present and discuss initial tests of compressive imaging techniques performed with ALS Beamline 1.4.3’s Nic-Plan 
infrared microscope, Beamline 1.4.4 Continuμm XL IR microscope, and also with a stand-alone Nicolet Nexus 470 FTIR 
spectrometer.   © 2008 Elsevier Science. All rights reserved 
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1. Introduction 
Synchrotron infrared (IR) beamlines provide 
diffraction-limited spatial resolution for 
spectromicroscopy with 100 – 1000 times higher 
brightness than a conventional thermal globar source 
[1-4] enabling a wide variety of new science at small 
spatial scales [3,4]. We have previously 
experimentally verified the diffraction-limited 
performance through the mid-IR at the Advanced 
Light Source (ALS) [5,6].  Our interest now is to see 
if one can do better: the two primary directions for 
improvement are higher spatial resolution (beyond 
the diffraction limit), and faster data acquisition.   
Focal plane array infrared microscopy imaging 
systems are becoming more available and have the 
ability to acquire images significantly faster than 
point-by-point measurements, albeit at much lower 
signal to noise than a synchrotron source [5].  To 
achieve higher imaging speeds with a synchrotron 
source, one could spread the focus or rapidly raster a 
synchrotron beam onto a sub-set of pixels on a focal 
plane array and therefore give up some signal 
strength to image somewhat faster.   
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Alternatively we can explore if every pixel’s 
measurement is really needed!  Image compression 
algorithms have advanced in recent decades with 
popular schemes such as JPEG in regular worldwide 
use to significantly compress image sizes. Compres-
sion algorithms remove redundant information from 
an image and one can trade-off image fidelity and 
resolution for file size.  
Compressively sampled imaging uses spatial 
masks to sample various regions of the object, then 
selective measurements are combined to determine 
the intensity of each pixel and thus build up the 
image [7-10]. The more measurements acquired, the 
higher the quality and resolution the resultant image 
can become. This provides an important knob to 
choose between the quality of the image and the 
speed of acquisition.  This technique can be used for 
spectral imaging by obtaining complete spectra for 
each mask, and then building up the spectral image 
using the same compressive imaging algorithms. 
2. Hadamard Masks 
Figure 1 shows the 64 spatial masks created using 
an 8x8 Hadamard sequence, and the corresponding 
Hadamard matrix.  The masks progress to higher 
spatial frequency from the upper left to lower right.   
Measurements of the intensity or spectrum of a 
sample are done through each mask starting with the 
 
Fig 1. Micrograph of an 8x8 Hadamard mask with each mask’s 
dimension being 300 μm.  The corresponding Hadamard matrix Q 
is shown at the left, along with the applied matrix transformation 
of the measured intensity through each mask, M0. 
upper left (largest opening) to the lower right (highest 
spatial frequencies).  Linear additions of each of the 
64 measurements will result in the unique intensity 
for each pixel in the real image.  This can be 
accomplished using straightforward matrix algebra, 
with the primary conversion shown in Fig. 1.  
Images can be reconstructed without measuring all 
64 masks [7-10].  If one does not use the higher 
spatial frequency mask measurements, images will 
still be reconstructed with less spatial resolution.   
Indeed much like JPEG compression, reasonable 
images can be obtained using significantly fewer 
measurements than the number of pixels in the final 
image.  In this paper we show initial tests we have 
performed reconstructing simple test images using 
more and less measurements using Hadamard masks. 
3. Experiment 
We performed several types of compressive 
spectral imaging test measurements using the FTIR 
microscopy equipment at ALS Beamline 1.4.3 and 
1.4.4.  We micro-fabricated Hadamard masks (Fig. 1 
shows an example) as chromium on glass lithography 
masks. Some tests were preformed with the 
Hadamard masks located in the aperture plane before 
the sample in the IR microscope.  In this case we 
mounted an automated x-y stage to hold and scan 
through the various masks at the upper aperture of the 
Nic-Plan microscope. Other tests used transmissive 
or reflective Hadamard masks mounted on the main 
sample stage and test geometric shapes were made 
using the reflex aperture of the Continuum XL 
microscope.  For every test sample, we collected the 
IR spectrum through each Hadamard mask, then 
reconstructed the images using matrix algebra via a 
Mathematica script. We reconstructed each images 
using progressively less of the measured data to 
explore how the number of measurements correlate 
with the resultant spatial resolution and image quality 
of the test sample. 
Example reconstructions of a diagonal test 
illumination shape are shown in Fig. 2 using both 8x8 
and 16x16 Hadamard masks. We see that using 
between 11 and 25% of the total masks (using the 
upper diagonal of the measured matrix) allow a 
reasonable reconstruction of the diagonal test object. 
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Fig 2. Example compressive imaging test.  Upper left: micrograph 
of the test pattern showing this diagonal test illumination placed on 
the first Hadamard mask in reflection geometry.  Upper right: 
reconstruction showing diagonal from the near-IR spectra acquired 
through 25% of the 8x8 Hadamard masks.  Lower left: recon-
struction using 11% of the 16x16 masks.  Lower right:  recon-
struction using 82% of the 16x16 masks and enhanced contrast. 
4. Toward sub-diffraction limited imaging 
 The above tests demonstrate the principle of using 
compressive imaging with spectromicroscopy.  This 
is an intriguing tool that could enable users of the 
method to trade-off speed for imaging resolution.  An 
exciting extension of this would be to start with the 
diffraction-limited synchrotron beam, and use a series 
of Hadamard masks having spatial features smaller 
than the wavelength to achieve images with sub-
diffraction-limited resolution. In this case the masks 
must be within the near-field of the sample under 
study otherwise diffraction would quickly smear out 
the resolution. 
Using Hadamard masks in the near-field may have 
a significant advantage over many other highly lossy 
near-field probing techniques in that the masks all 
have ~50% open area which should allow a huge 
amount more signal than when forcing light through 
a sub-wavelength aperture.  Topographic artifacts 
may also be less important than with scanning probe 
techniques.   We plan to continue testing compressive 
imaging with real samples and to demonstrate sub-
wavelength compressive imaging.  We also want to 
test other compressive algorithms that have been 
developed which use randomly generated masks. 
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